Endocytic recycling returns receptors to the plasma membrane following internalization and is essential to maintain receptor levels on the cell surface, resensitize cells to extracellular ligands and for continued nutrient uptake. Yet, the protein machineries and mechanisms driving endocytic recycling remain ill-defined. Here, we establish that NECAP2 regulates the endocytic recycling of EGFR and transferrin receptor. Our analysis of the recycling dynamics revealed that NECAP2 functions in the fast recycling pathway that directly returns cargo from early endosomes to the cell surface. In contrast, NECAP2 does not regulate the clathrinmediated endocytosis of these cargo, the degradation of EGFR, or the recycling of transferrin along the slow, Rab11-dependent recycling pathway. We show that protein knock-down of NECAP2 leads to enlarged early endosomes and causes the loss of the clathrin adapter AP-1 from the organelle. Through structure-function analysis, we define the protein binding interfaces in NECAP2 that are critical for AP-1 recruitment to early endosomes. Together, our data identify NECAP2 as a pathway-specific regulator of clathrin coat formation on early endosomes for fast endocytic recycling.
Introduction
Receptor levels at the cell surface are dynamically regulated to control numerous cellular functions including receptor signaling, nutrient uptake and cell migration. To remove membrane-bound molecules and receptor/ligand complexes from the surface, these cargo are internalized through clathrin-mediated and clathrin-independent endocytosis. Internalized receptors then enter early endosomes, which function as the key sorting station deciding the fate of receptor cargo. Ubiquitinated receptors engage the ESCRT complex for sorting into multivesicular bodies and subsequent receptor degradation (Raiborg and Stenmark, 2009 ).
The degradative pathway is critical for the termination of signaling cascades downstream of ligand-activated receptor tyrosine kinases such as epidermal growth factor receptor (EGFR).
In contrast, endocytic recycling returns receptors to the cell surface, thereby replenishing the surface pool of receptors to resensitize cells to extracellular ligands, maintain nutrient supply, and promote cell motility (Grant and Donaldson, 2009; Kelly and Owen, 2011; Maritzen et al., 2015) .
Early endosomal sorting and endocytic recycling are regulated by members of the Arf and Rab families of small GTPases. Activation of Rabs and Arfs by guanine-nucleotide exchange factors (GEFs) enables the GTP-bound GTPases to recruit downstream effector proteins that fulfill pathway-specific functions and promote the formation of cargo-carrying vesicles and tubules. For example, Rab35 mediates cadherin recycling while Arf6 controls 1-integrin recycling (Allaire et al., 2013) . Transferrin receptor (TfnR) is the canonical marker of endocytic recycling and transferrin remains bound to the receptor until TfnR reaches the cell surface. Notably, TfnR enters into recycling pathways with differential kinetics (Sheff et al., 
Results
The Human Protein Atlas indicates a broad protein expression pattern of NECAP2, with higher levels in several tissues including breast, kidney, and lung. We thus decided to use protein knock-down (KD) in MCF10A cells, which are adherent normal breast epithelial cells, as well as in the commonly used cell lines HeLa and COS-7 to define the function of NECAP2.
NECAP2 does not regulate the size and number of endocytic clathrin-coated pits
To test if NECAP2 depletion causes changes in the number and size of endocytic clathrincoated pits and vesicles similar to NECAP1 KD , we labeled these structures using the endocytosis-specific clathrin adapter AP-2 in control cells and cells depleted of NECAP1 or NECAP2 ( Fig. 1 A,B) . The immunofluorescence signal intensity of the coat proteins AP-2 and clathrin is directly correlated to the size of the forming structure (Antonescu et al., 2011; Ehrlich et al., 2004; Mettlen et al., 2010; Ritter et al., 2013) . As expected, NECAP1 KD causes a decrease in the number and an increase in the intensity/size of AP-2-labeled puncta, whereas NECAP2 depletion has no effect ( Fig. 1B-D) . Thus, in contrast to NECAP1, NECAP2 is not required for the control of the number and size of clathrin-coated pits and vesicles at the plasma membrane.
NECAP2 does not affect clathrin-mediated endocytosis
We next sought to test for changes in clathrin-mediated endocytosis. TfnR is constitutively internalized through clathrin-mediated endocytosis and recycles to the plasma membrane through both the fast and slow recycling pathway. Using fluorescence imaging, we first quantified the amount of fluorescently labeled transferrin internalized into MCF10A and HeLa cells within one minute (min). This timeframe ensures analysis of endocytic events and excludes potential secondary effects due to changes transferrin/TfnR recycling. These assays revealed no differences in transferrin uptake between control, NECAP1 KD and NECAP2 KD cells (Fig. 1E-H) . To verify these results under different experimental conditions, we labeled the surface pool of TfnR by incubating COS-7 cells with Alexa647-labeled transferrin on ice and then shifted the cells to 37°C for 1 or 4 min. After removal of residual transferrin from the cell surface by acid wash, cells were lysed and total protein extracts were separated by SDS-PAGE for quantification of internalized Alexa647-transferrin by quantitative infrared fluorescence measurement using an Odyssey Imaging System (LI-COR Biosciences). These assays confirmed that depletion of NECAP1 or NECAP2 does not affect the rate of Journal of Cell Science • Advance article transferrin internalization at the purely endocytic 1 min time point (Fig. 1I,J) . Interestingly, NECAP2 KD results in increased transferrin levels at the 4 min time point compared to control and NECAP1 KD cells (Fig. 1I,J) , suggesting a role of NECAP2 in transferrin sorting subsequent to internalization.
We previously showed that NECAP1 KD does not affect transferrin internalization, which is consistent with the data presented here, but decreases the clathrin-mediated endocytosis of ligand-bound EGFR in COS-7 cells . To test if NECAP2 plays a role in EGFR internalization, we incubated COS-7 cells on ice with fluorescently labeled EGF and then shifted the cells to 37°C for 2.5 min to allow internalization, followed by removal of residual EGF from the cell surface by acid wash. The amount of surface-bound and internalized EGF was then quantified by fluorescence microscopy. These assays revealed differential effects of NECAP1 and NECAP2 on EGFR surface levels and internalization.
NECAP1 KD does not alter EGFR surface levels but impairs EGF internalization ( Fig. 1K- M), consistent with our previous results. In contrast, NECAP2 KD cells display lower levels of EGFR on the surface (Fig.1 K,L) even though total EGFR expression levels are comparable to control cells (Fig. 2C,D) , suggesting that NECAP2 KD leads to a redistribution of EGFR within the cell. However, the percentage of surface EGFR internalized in NECAP2 KD cells is comparable to that of control cells (Fig. 1M) . Together with the lack of effect on transferrin internalization, these results demonstrate that NECAP2 does not control clathrin-mediated endocytosis of TfnR and EGFR.
NECAP2 depletion leads to enlarged early endosomes
Using immunofluorescence analysis of endogenous markers, we discovered that NECAP2 KD causes a significant increase in the size of early/sorting endosomes ( Fig. 2A,B ). Yet, NECAP2 KD does not alter EEA1 expression levels or the total number of early endosomes per cell ( Fig. 2C-E) . Binning of early endosomes by size confirmed the prevalence of enlarged early endosomes due to NECAP2 depletion (Fig. 2F,G) . Notably, we also observed similar changes in early endosomal morphology in COS-7 and HeLa cells following NECAP2 KD (Fig. 2H,I ), indicating a general role for NECAP2 in the regulation of early endosomes. In contrast, NECAP1 KD has no effect on early endosomal morphology (Fig. 2 A,B,E-G), confirming that NECAP1 and NECAP2 serve distinct cellular functions.
Early endosomes receive endocytosed material from clathrin-dependent and -independent pathways and sort cargo toward recycling to the cell surface, retrograde transport to the
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Golgi, or degradation in lysosomes. Thus, larger endosomes may be the result of enhanced endocytic influx and/or a decrease in the rate of cargo recycling and/or degradation. Since clathrin-mediated endocytosis is the major endocytic pathway in eukaryotic cells (Bitsikas et al., 2014) and NECAP2 depletion does not change the number of endocytic clathrin-coated pits (Fig. 1B-D) or the rate of clathrin-dependent internalization (Fig. 1E-M) , it is unlikely that changes in the endocytic potential contribute to the morphological changes of early endosomes in NECAP2 KD cells.
NECAP2 controls EGFR cell surface levels and recycling
Following internalization, EGFR enters early endosomes and either recycles back to the cell surface or enters into the degradative pathway. Since our EGF internalization assays suggested that NECAP2 regulates EGFR distribution within cells (Fig. 1K-M) , we sought to further define the effects of NECAP2 KD on EGFR surface levels, localization and sorting.
Labeling the cell surface pool of EGFR with an antibody directed against the extracellular region of the receptor revealed that NECAP2 KD leads to a 40% reduction in the surface levels of EGFR at steady state (Fig. 3A,B) , consistent with the decreased levels of surfacebound EGF seen in NECAP2 KD cells (Figure 1 K,L) . Since Western blot analysis of total protein lysates from control and NECAP2 KD cells showed that NECAP2 depletion does not alter EGFR expression levels (Fig. 2C,D) , we used coimmunofluorescence analyses to determine the distribution of EGFR within cells. These studies revealed that at steady state, EGFR accumulates in EEA1-positive endosomes upon NECAP2 depletion (Fig. 3C,D) , suggesting that NECAP2 is required for efficient early endosomal sorting of EGFR.
From early endosomes, EGFR is either recycled to the cell surface or sent for degradation and we thus sought to test for a role of NECAP2 in either sorting pathway. We first tested for changes in EGFR recycling after treatment with TGFwhich leads specifically to EGFR recycling after the ligand dissociates from the receptor in early endosomes (Henriksen et al., 2013; Roepstorff et al., 2009 ). Control and NECAP2 KD cells were incubated with 10 nM TGF for 5 min to trigger a wave of EGFR internalization, acid washed on ice and then chased for 3 or 5 min to allow for EGFR recycling. For each time point, cells were incubated on ice with an EGFR antibody directed against the extracellular region to label the surface pool of EGFR, washed, lysed, and the fraction of antibody-bound EGFR was isolated by immunoprecipitation and detected by Western blot. These studies showed that the 3min chase does not allow for efficient EGFR recycling in control or NECAP2 KD cells since the Journal of Cell Science • Advance article receptor surface levels remains at comparable levels to that of EGFR remaining on the cell surface after the 5 min TGF pulse (Fig. 3E,F) . Since the rate of exocytosis from early endosomes varies from one to several minutes depending on the cell line, cargo and methods of analysis used (Hao and Maxfield, 2000; Sheff et al., 1999; Sheff et al., 2002) , the vesicles/tubules that recycle EGFR from early endosomes may have not yet reached the cell surface after the 3 min chase. Alternatively, recycling may be slightly delayed in our experimental design due to the incubation on ice prior to the chase that is required to remove residual TGF from the cell surface after the pulse. However, during the 5 min chase, control cells efficiently recycle EGFR to the cell surface (Fig. 3E,F) . In contrast, EGFR surface levels in NECAP2 KD cells remain close to the level detected at the end of the TGF pulse ( Fig. 3E ,F), demonstrating that NECAP2 KD impairs fast EGFR recycling. Consistently, we detected an increase in the number of EGFR-containing EEA1-positive endosomes in NECAP2 KD cells compared to control after treatment with 1.5 ng/ml EGF for 3 min ( Fig.   3G ), though this increase did not reach significance due to variability between experiments.
NECAP2 is dispensable for EGFR degradation
To determine if NECAP2 KD also alters EGFR degradation, we tested for changes in total EGFR levels over time following ligand-induced internalization. Continuous stimulation with 50ng/ml EGF, which drives EGFR into the degradative pathway (French et al., 1994; Kornilova et al., 1996; Sigismund et al., 2008) , leads to a 50% decrease of total EGFR levels within one hour (Fig. 3I ). Though NECAP2 KD cells appear to show a slight delay, the rate of EGFR degradation during later time points is comparable between control and NECAP2 KD cells and we did not find a significant difference in the rate of EGFR degradation (Fig.   3H ). We next tested if NECAP2 KD enhances the rate of EGFR degradation when cells are stimulated with low levels of EGF (1.5 ng/ml), which promotes EGFR recycling (Sigismund et al., 2008) . Under these conditions, total EGFR levels remain nearly constant, dropping only to 95% of the starting levels during the one hour stimulation (Fig. 3I) . Notably, we did not observe any differences in EGFR levels between control and NECAP2 KD cells (Fig. 3I) .
Together, these data show that EGFR accumulates in early endosomes following NECAP2 depletion due to impaired EGFR recycling. In contrast, NECAP2 is not required for endosomal cargo sorting into multivesicular bodies for receptor degradation.
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NECAP2 KD shifts TfnR into early endosomes.
We next tested if NECAP2 depletion also affects the recycling of the transferrin receptor (TfnR) and its ligand transferrin. TfnR is internalized through clathrin-mediated endocytosis and recycles from early endosomes through the fast Rab4a-dependent and the slow Rab4b/Rab11a-dependent pathway. NECAP2 KD does not lead to changes in the cell surface levels of TfnR (Fig. 4A) . However, NECAP2 depletion results in increased total levels of TfnR (Fig. 2C,D) , suggesting that NECAP2 KD cells maintain normal receptor surface levels by upregulating TfnR expression. To test for changes in TfnR distribution, we quantified the percentage of TfnR that colocalized with markers for early endosomes (EEA1), recycling endosomes (Rab11a) and the trans-Golgi network (TGN46) in control and NECAP2 KD cells. We did not observe any changes in the amount of TfnR present in recycling endosomes or the trans-Golgi (Fig. 5B,C) . In contrast, following NECAP2 depletion, a significantly larger pool of TfnR accumulates in early endosomes (Fig. 4B,C) , suggesting that NECAP2 depletion also impairs TfnR recycling.
NECAP2 KD has no effect on slow transferrin recycling
To directly test for changes in TfnR recycling, we fed control and NECAP2 KD cells with fluorescently-labeled transferrin for 70 min, stripped off the surface pool and followed the loss of transferrin-Cy3 over time. Samples were taken every 15 minutes to test for changes in the slow recycling pathway. Notably, NECAP2 KD cells gain significantly higher amounts of transferrin-Cy3 during the labeling pulse (detected by the 0 min time point of the chase, Fig.   4D ), consistent with the higher levels of TfnR expression in NECAP2 KD cells (Fig. 2C,D) .
During recycling, NECAP2 KD cells maintain higher levels of transferrin-Cy3 over time compared to control cells (Fig. 4D) . However, replotting the curves by normalizing for starting levels of transferrin revealed that control and NECAP2 KD cells recycle transferrinCy3 with a similar rate and kinetics (Fig. 4E) , indicating that NECAP2 has no effect on the slow recycling of transferrin/TfnR.
NECAP2 controls transferrin recycling along the fast recycling pathway
The fast recycling pathway sends receptors back to the cell surface within minutes (Hao and Maxfield, 2000; Sheff et al., 1999; Sheff et al., 2002) . As such, the rate of short-term internalization of transferrin-Cy3 transitions from a purely endocytic phase to a balance between endocytosis and fast recycling. NECAP2 depletion leads to enhanced accumulation Journal of Cell Science • Advance article of transferrin-Cy3 within 5 min of continuous labeling at 37°C (Fig. 5A,B) . Given that control and NECAP2 KD cells display similar levels of TfnR on the cell surface (Fig. 4A ) as well as show no difference in the number of endocytic clathrin-coated pits and vesicles ( Fig.   1B-D) , transferrin and EGF internalization (Fig. 1E-M) , and slow recycling (Fig. 4D,E) , the intracellular accumulation of transferrin after 5 min uptake is thus likely the result of impaired fast recycling.
To increase the temporal resolution of the assay, we analyzed the amount of intracellular transferrin-Cy3 every minute over a five minute period in MCF10A cells. During the first two minutes, we detected no difference in the amounts of internalized transferrin-Cy3 between control and NECAP2 KD cells (Fig. 5C,D) . These time points likely reflect the purely endocytic phase (Doyon et al., 2011; Saffarian et al., 2009) . By three minutes, transferrin begins to reach early endosomes and at this point, NECAP2 KD cells show a trend towards accumulating higher amounts of transferrin-Cy3, resulting in a significant build-up at later time points (Fig. 5C,D) . These results are consistent with the increase in internalized transferrin in COS-7 cells detected by quantitative infrared fluorescence measurement only at the longer 4 min time point but not at the solely endocytic 1 min time point (Fig. 1 I,J) .
Together, these data further support a role for NECAP2 in the fast recycling pathway.
We next sought to directly test for changes in fast recycling. For this, we labeled control and NECAP2 KD MCF10A cells with transferrin-Cy3 for 5 min at 37ºC, which is enough time for transferrin to reach early endosomes, stripped off any surface label by acid washing on ice, and chased cells with pre-warmed regular medium. Each minute, aliquots of cells were acid washed on ice, fixed and the amount of transferrin-Cy3 remaining in the cells was quantified by fluorescence microscopy. These assays revealed that NECAP2 KD causes a significant delay in transferrin recycling within the first few minutes of the chase (Fig. 5E,F) , directly demonstrating that NECAP2 controls fast recycling. Moreover, NECAP2 also impairs fast transferrin recycling in HeLa and COS-7 cells (Fig. 5G-J) , confirming that NECAP2 is a general regulator of the fast recycling pathway.
NECAP2 is essential for AP-1 recruitment to early endosomes
AP-1 and clathrin mediate receptor transport from early endosomes and the Golgi. On early endosomes, AP-1 is involved in both the fast and slow recycling pathway and is recruited downstream of Rab4a and Rab4b, respectively (D'Souza et al., 2014; Perrin et al., 2013) .
Since NECAP1 depletion affects AP-2-positive forming vesicles at the cell surface and Journal of Cell Science • Advance article NECAP2 binds AP-1 Ritter et al., 2013) , we used immunofluorescence studies to test if NECAP2 depletion affects the recruitment of AP-1 to early endosomes.
Control MCF10A cells show the prominent Golgi-associated pool of AP-1 and discrete AP-1-positive puncta in the periphery of the cell that are also positive for EEA1 (Fig. 6A) .
NECAP2 KD cells maintain the Golgi pool of AP-1 (Fig. 6A) and show no differences in the total expression levels of AP-1 and clathrin compared to control cells (Fig. 2C,D; Fig 6B) .
However, NECAP2 depletion leads to a selective loss of AP-1 from early endosomes (Fig.   6A,C) . Consistently, we also observe a selective loss of AP-1 from early endosomes in HeLa and COS-7 cells (Fig. 6D,E) . Thus, NECAP2 is required for the efficient recruitment of the AP-1/clathrin machinery to early endosomes to facilitate receptor recycling.
Multiple binding interfaces in NECAP2 are required for AP-1 recruitment to early endosomes
To determine how NECAP2 controls AP-1 recruitment to early endosomes and fast recycling, we performed rescue experiments with NECAP2 wild-type and point mutants. Reexpression of wild-type NECAP2 rescues the peripheral punctate pool of AP-1, though AP-1 levels are not fully restored (Fig. 7A,B) . We have noticed that overexpression of NECAP2 result in a mislocalization of several NECAP2 binding partners, including AP-1 (data not shown). Thus, though we tightly controlled the expression levels of our rescue constructs by using lentiviral delivery and excluded cells with high expression levels from the analysis, a fraction of the cells likely expressed either too little or too much NECAP2 to achieve complete rescue. Notably, NECAP2 variants in which the C-terminal AP-1-binding motif or the N-terminal PH domain are inactivated, fail to rescue the KD phenotype (Fig. 7A,B) . We used coimmunoprecipitation to confirm that all rescue constructs, with the exception of the AP-1 motif mutant, interact with AP-1 to a similar level (Fig. 7C) , excluding side-effects of the point mutations on NECAP2 folding and stability. Together, these data demonstrate that the ability of NECAP2 to interact with the AP-1 -ear and with PH domain binding partners is essential for NECAP2 function. This further suggests a central role for NECAP2 in the formation of a protein network that promotes recycling vesicle formation on early endosomes and fast receptor recycling (Fig. 7D) . Finally, expression of wild-type NECAP1 does not rescue the NECAP2 KD phenotype ( Figure 7A,B) , providing further proof that the two mammalian NECAP family members are functionally divergent.
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Discussion
The NECAP proteins show a high degree of sequence similarity and share a common structural organization including two peptide motifs for interaction with the clathrin adapter proteins AP-1 and AP-2 (Ritter et al., 2007; Ritter et al., 2003 ). Yet, we recently showed that NECAP1 cooperates with AP-2 to ensure efficient vesicle formation for clathrin-mediated endocytosis , while the data presented here demonstrate a central role for NECAP2 in AP-1-mediated fast recycling from early endosomes. In addition, each NECAP fails to rescue the KD phenotype of the other family member ( , 2014) . Since NECAP2 depletion leads to a loss of AP-1 from early endosomes, it will be interesting to determine if NECAP2 is required for full activation of this GTPase cascade. Alternatively, NECAP2 could be part of a second mechanisms contributing to and required for AP-1 recruitment to early endosomes. Our rescue studies revealed that NECAP2 function depends on the C-terminal AP-1-binding motif and the protein-binding interface of the N-terminal PH domain. In NECAP1, the PH domain allows for efficient recruitment of endocytic accessory proteins to the forming vesicle and loss of PH domain function is sufficient to impair vesicle formation . It is thus tempting to speculate that the PH domain of NECAP2 fulfills a similar role during recycling vesicle formation at early endosomes. Here, the effect of loss of NECAP2 or PH domain-mediated interactions is more severe, leading to the loss of AP-1 from the organelle.
This may reflect a less complex protein machinery involved at early endosomes, compared to the endocytic clathrin machinery at the plasma membrane. In this scenario, depletion of a single component such as NECAP2 would lower the chance of successful coincidence detection within the protein network and imbalance the formation of the clathrin coat.
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Interestingly, the Rab4a GTPase cascade also promotes the recruitment of additional clathrin adapters, AP-3 and GGA3 (D'Souza et al., 2014) . It remains currently unknown if this reflects the cooperation and/or interdependency of different clathrin adapters during recycling vesicle formation similar to the AP-1-dependent association of GGA2 with clathrin-coated vesicles and the cooperation of AP-1 and GGAs in mannose-6-phosphate receptor sorting in mammalian cells, and the GGA2-supported recruitment of AP-1 to the trans-Golgi network in yeast (Daboussi et al., 2012; Doray et al., 2002; Hirst et al., 2012) . Alternatively, the involvement of multiple adapters could increase the variety of cargo utilizing the Rab4a pathway. For example, in polarized epithelial cells, the two AP-1 variants, AP-1A and AP-1B, bind cargo with different affinities, thereby promoting differential sorting (Guo et al., 2013) . Interestingly, in vitro binding studies suggest that NECAP2 also interacts with GGA1 and GGA2 (Mattera et al., 2004) , while it currently remains unknown if NECAP2 also interacts with GGA3. We have not detected any changes in GGA3 localization due to NECAP2 depletion, though this aspect will require further investigation with improved reagents for GGA3.
Cargo sorting into the endocytic recycling pathways has been considered a signalindependent default route for receptors. The high surface to volume ratio of newly-formed vesicles and tubules is thought to allow for geometry-based sorting of membrane-bound molecules away from soluble material or receptors actively retained in the early endosomal lumen (Dunn et al., 1989; Linderman and Lauffenburger, 1988; Mayor et al., 1993; Verges et al., 1999) . To date, a more detailed understanding of the contributions of Rabs, Arfs and sorting nexins to receptor sorting suggests that recycling pathways and/or machineries can create cargo selectivity. For example, Rab25 differentially recycles integrin dependent on the activation state of the receptor (Dozynkiewicz et al., 2012) . On early endosomes, Rab35 and Arf6 counter-regulate each other to balance Rab35-dependent cadherin and Arf6-dependent integrin recycling (Allaire et al., 2013) . In addition, Rab4a and Arf6 cooperate for the recycling of Met receptor (Parachoniak et al., 2011) . It will be interesting to see if NECAP2 functions in all Rab4a-mediated recycling events or with a specific subset of clathrin adaptors and/or cargo.
Materials and Methods
Antibodies and reagents. Antibodies directed against AP-1 (clone 88), CHC (clone 23), and EEA1 (mouse, clone 14) were purchased from BD Transduction Laboratories (San Jose, CA).
Antibodies against EGFR (sc-120 for recycling and immunofluorescence studies, sc-03 for Western blot), and TfnR (sc-65882) were obtained from Santa Cruz Biotechnology Inc.
(Dallas, TX), the EEA1 antibody (rabbit, 2411S) from Cell Signaling Technology (Danvers, MA), the TGN46 antibody (ab50595) from abcam, the Rab11 antibody (71-5300) from Thermo Scientific (Waltham, MA), and the NECAP2 (HPA028077) and Flag (M2) antibodies from SIGMA-Aldrich (St. Louis, MO). The antibody raised against NECAP1 was described previously (Ritter et al., 2003) . Human transferrin-Cy3 was purchased from Jackson ImmunoResearch (West Grove, PA), human transferrin-Alexa647 and EGFAlexa647 from Thermo Scientific (Waltham, MA) and recombinant human TGF (100-16A) from PeproTech (Rocky Hill, NJ).
Quantification and statistics. Western blots and fluorescence images were quantified using
ImageJ (Schneider et al., 2012) . For fluorescence analysis of cells, signal intensities were measured as Integrated Densities and size by signal area. Colocalization of two markers was quantified using the Colocalization PlugIn for ImageJ. The PlugIn allows to determine the fraction of signal area of one marker that overlaps/colocalization with the area occupied by a second marker. The resulting mask is then redirected to the individual channels of the original image to determine the signal intensity within the colocalizied area. After determining total signal intensity of the marker, one can calculate the colocalized fraction of signal intensity. Cell numbers were tracked manually. GraphPad Prism 5 was used for statistical analysis, details about data analysis and post-tests are included in the figure legends where appropriate.
Total protein lysates. Cells were lysed with ice-cold lysis buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, 2 mM EGTA, 2 mM EDTA, 25 mM sodium pyrophosphate, 50 mM β-glycerophosphate, 1% Triton X-100, 50 mM sodium fluoride, 1 mM sodium ortho vanadate, 0.83 mM benzamidine, 0.23 mM PMSF, 0.5 g/ml aprotinin, 0.5 g/ml leupeptin) and centrifuged for 2 min at 21000 x g to remove cell fragments. Equal amounts of total protein were resolved by SDS-PAGE and expression levels were determined by Western blot.
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Cell culture. MFC10A, HeLa, HEK 293-T and COS-7 cells were obtained from ATCC (Manassas, Virginia). MCF10A cells were cultured as described by Debnath et al. (2003) Protein knock-down. Control and NECAP2 KD viruses were generated and produced as previously described . The two NECAP2 target sequences start at nucleotide 341 (KD1) and 388 (KD2) of the human NECAP2 open reading frame (accession number NM_018090). The NECAP1 KD constructs were described previously . For NECAP KD, cells were plated late in the day before transduction. Within 16 hours after plating, the culture medium was replaced by regular culture medium supplemented with 6 g/ml polybrene (SIGMA-Aldrich), and viruses were added at an MOI of 5. After 5 hours, media was replaced with fresh culture medium and the cells were cultivated until assays were performed 5 or 6 d after transduction.
Immunofluorescence. For intracellular localization studies, cells were washed with PBS, fixed with 2% paraformaldehyde in PBS for 10 min at RT, and permeabilized with 0.2% Triton X-100 in PBS for all antibodies but Rab11a. Antibodies were diluted with 0.02% Triton X-100 and incubated at RT. For detection of Rab11a, cells fixed with 2% paraformaldehyde in PBS for 10 min at RT and incubated with primary and secondary antibodies diluted in PBS + 0.05% saponin. For cell surface staining, cells were processed as described above but omitting the cell permeabilization step and diluting antibodies in PBS alone. Secondary antibodies were labeled with Alexa555 or Alexa647 and samples were mounted using Prolong Diamond antifade reagent (Thermo Scientific). EGFR internalization. Cells were plated in replicates two days before the experiment, starved overnight in serum-free medium and incubated with 2 ng/ml EGF-Alexa647 in cold serum-free medium on ice for 1 hour. One set (surface) was washed with PBS, fixed with icecold 2% paraformaldehyde in PBS for 20 min on ice, washed again and mounted. The second set was incubated with pre-warmed serum-free medium for 2.5 min at 37ºC, acid washed on ice to remove residual EGF off the cell surface, and then processed as described above.
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EGFR recycling. For EGFR recycling following TGF treatment, cells were plated one to two days before the experiment and starved in serum-free medium for 1 hour. The first set of cells was immediately placed on iced and processed as described below. The other three sets of cells were incubated with pre-warmed serum-free medium containing 10nM TGFα for 4 minutes at 37ºC to allow for EGFR internalization, then acid washed on ice. Two sets of cells were returned to 37ºC in pre-warmed serum-free medium for 3 and 5 minutes to allow for receptor recycling, then acid washed on ice. All samples were incubated for 45 minutes with an antibody directed against the extracellular region of EGFR diluted 1:100 in regular culture medium to label the surface pool of EGFR. Cells were washed and lysed in RIPA buffer supplemented with 0.83 mM benzamidine, 0.23 mM PMSF, 0.5 g/ml aprotinin, 0.5 g/ml leupeptin. Lysates were cleared by centrifugation at 200,000 x g for 20 minutes at 4ºC and aliquots of 100 µg of total protein were incubated with sheep anti-mouse IgG Dynabeads (11201D, Thermo Scientific) for 1 hour on an orbital shaker at 4º C. Bound proteins were resolved by SDS-PAGE and EGFR levels were detected by Western blot.
Journal of Cell Science • Advance article EGFR degradation. Cells were plated in replicates for each time point one to two days before the assay. On the day of the experiment, cells were stimulated with 1.5 or 50 ng/ml EGF in pre-warmed regular culture medium for varying lengths of time at 37ºC, shifted onto ice, washed with ice-cold PBS and lysed with ice-cold lysis buffer. Cells were scraped and disrupted by mechanical force. Supernatants were resolved by SDS-PAGE and total EGFR levels were detected by Western blot.
Transferrin internalization. For analysis by fluorescence imaging, cells were plated in replicates for each time point one to two days before the assay. On the day of the experiment, cells were fed with human transferrin-Cy3 (13 g/ml) in pre-warmed regular culture medium for varying lengths of time at 37ºC. For each time point, cells were shifted onto ice and the surface pool of transferrin-Cy3 was stripped off by acid wash. Cells were then washed with ice-cold PBS, fixed with ice-cold 2% paraformaldehyde in PBS for 20 min on ice, washed again and mounted. For analysis by quantitative infrared fluorescence measurement, four sets of cells were incubated with pre-warmed serum-free media for 2 hours at 37°C. One set was immediately placed on ice and washed and lysed as described below for the 'no treatment' samples. The other three sets of cells were incubated with transferrin-Alexa647 (13ug/ml) in serum-free media on ice for 30 minutes to label the surface pool of TfnR. Two cell sets were then incubated with pre-warmed serum-free media at 37°C for 1 or 4 minutes to allow for internalization, followed by an acid wash on ice. All sets of cells were washed 2-3 times with cold PBS on ice, lysed in RIPA buffer supplemented with 0.83 mM benzamidine, 0.23 mM PMSF, 0.5 g/ml aprotinin, 0.5 g/ml leupeptin and even amounts of total protein extract were separated by SDS-PAGE. The level of transferrin-Alexa647 in each extract was quantified by infrared fluorescence measurement using an Odyssey imagining system (LI-COR Biosciences, Lincoln, NE) and clathrin heavy chain (CHC) levels were detected by Western blot.
Transferrin recycling. For transferrin recycling assays, cells were fed with human transferrin-Cy3 (13 μg/ml) in regular medium for various lengths of time at 37ºC. The cells were then placed on ice and surface-bound transferrin was removed by acid wash, followed by a PBS wash. The 0 min time point was fixed with 2% paraformaldehyde in PBS for 20 min on ice, washed and mounted. The samples for later time points were shifted to 37ºC and Journal of Cell Science • Advance article incubated with pre-warmed regular medium. For each time point, samples were placed on ice, washed with PBS and processed as described for the 0 min sample.
Rescue studies. Control and NECAP2 KD cells were plated in replicates two to three days before the assay and transduced the day before the assay with RFP-Flag-tagged wildtype NECAP2, or NECAP1, the NECAP2 PH mutant (containing an alanine substitution at arginine-101; R101A), or NECAP2 AP-1 mutant (containing a double alanine substitution at tryptophan-243 and phenylalanine-246; W243A/F246A) at a MOI of 2 following the transduction protocol described for protein knockdown. The intracellular localization of endogenous AP-1 was determined by immunofluorescence using Alexa647 conjugated secondary antibodies.
Immunoprecipitation. HEK-293T cells were plated at 3.5x10 6 cells per 10 cm dish one day before transfection and transfected with 5 µg of DNA/dish for the various NECAP expression constructs. The following day, cells were lysed in 10mM HEPES, pH 7.4, 50mM NaCl, 1% triton, 0.83 mM benzamidine, 0.23 mM PMSF, 0.5 g/ml aprotinin, and 0.5 g/ml leupeptin.
Lysates were cleared by centrifugation at 200,000xg for 20 minutes at 4ºC, followed by preclearing with protein G agarose beads (Thermo Scientific). Flag-tagged NECAP proteins were isolated by immunoprecipitation using the Flag M2 antibody (SIGMA Aldrich), and bound proteins were resolved by SDS-PAGE and detected by Western blot.
